Abstract The formation and structure of the Orientale basin on the Moon has been extensively studied in the past; however, estimates of its transient crater size, excavated volume and depth, and ejecta distribution remain uncertain. Here we present a new numerical model to reinvestigate the formation and structure of Orientale basin and better constrain impact parameters such as impactor size and velocity. Unlike previous models, the observed ejecta distribution and ejecta thickness were used as the primary constraints to estimate transient crater size-the best measure of impact energy. Models were also compared to basin morphology and morphometry, and subsurface structures derived from high-resolution remote sensing observations and gravity data, respectively. The best fit model suggests a 100 km diameter impactor with a velocity of~12 km s À1 formed the Orientale basin on a relatively "cold" Moon. In this impact scenario the transient crater diameter is~400 km or 460 km depending on whether the crater is defined using the diameter of the excavation zone or the diameter of the growing cavity at the time of maximum crater volume, respectively. The volume of ejecta material is~4.70 × 10 6 km 3 , in agreement with recent estimates of the Orientale ejecta blanket thickness from remote sensing studies. The model also confirms the remote sensing spectroscopic observations that no mantle material was excavated and deposited at Orientale's rim.
Introduction
The Orientale basin is located on the western limb of the lunar nearside, at the transition between the thinner nearside and the thicker farside crust. It formed 3.72-3.85 Ga [Stöffler et al., 2006] , making it the youngest multiring basin on the lunar surface [Spudis, 1993] . Due to its relatively young age, Orientale's morphology is well preserved; the basin has, therefore, been extensively studied and used as an archetype for investigating large-scale impact structures. However, attempts to estimate important Orientale impact parameters such as the impactor size and velocity [e.g., Stewart, 2011; Potter et al., 2013] , transient crater size [e.g., van Dorn, 1968; Head, 1974; Head et al., 1993; Spudis et al., 1984; Spudis, 1993] , excavation depth [e.g., Wieczorek and Phillips, 1999] , and ejecta volume [e.g., Wieczorek and Phillips, 1999; Fassett et al., 2011] deviate significantly among the different studies.
distribution [e.g., Fassett et al., 2011] for Orientale. Here, using these new data sets as constraints, we present a new numerical model for the formation of Orientale. This work builds on that of Potter et al. [2013] and, unlike previous numerical models, takes into account the ejecta thickness distribution and uses it as a main constraint for the impact scenario.
The amount of ejected material can be considered as the best available measure of the transient crater size. This is because subsequent crater modification resulting in the present-day morphology and gravity signature depends strongly on accurate estimates of transient crater diameter and depth. Modeling all stages of crater formation (contact and compression, excavation, and modification) requires sophisticated material models; however, the collapse of the transient crater during the modification stage is controlled by processes such as temporary weakening (e.g., acoustic fluidization [see Melosh, 1979] ) and strain localization [Collins et al., 2008] that are either not well constrained by model parameters or are difficult to take into account in continuum models. This work focuses on modeling ejecta distribution as a function of impact energy, crustal thickness, and thermal profile of the target to better estimate the transient crater size. We also take the subsequent crater modification into account, following the previous modeling approaches, and compare our results with the high-resolution data from GRAIL and LRO.
The Orientale Basin
Orientale basin exhibits four approximately concentric topographic rings ( Figure 1a ). The Cordillera Ring (CR), the outer most topographic ring, has a diameter of 930 km and is composed of rugged escarpments with steep inward facing slopes and gently outward sloping flanks [Head, 1974] . The Outer Rook Ring (ORR) has a diameter of 620 km and is composed of kilometer-scale massifs with steep slopes facing the basin interior. The Inner Rook Ring has a diameter of 480 km and is characterized by disconnected, segmented hills and ridges. The Inner Ring (IR) has a diameter of 320 km and consists of a rounded step-like scarp that separates the lowest parts of the inner basin from the more rugged terrain outside. The elevation of the basin is about 5 km higher, on average, on the west side of the basin compared to the east side [Whitten et al., 2011] (Figure 1b ). GRAIL-derived crustal thickness models reveal an~11 km thick crust beneath the center of the Orientale basin. This thickness extends over a radial distance of~120 km ( Figure 1c ) reaching a maximum crustal depth at a distance of 270 km at the west side and 290 km at the east side, forming an annular bulge (Figure 1d ) [Potter et al., 2012a [Potter et al., , 2013 . Outside the bulge, crustal thickness remains relatively uniform and is a good approximation for the preimpact thickness. The Orientale basin is located at a transition in lunar crustal thickness; high-resolution crustal thickness models indicate a~60 km thick crust at its western part (situated on the lunar highlands) and a~40 km thick crust at its eastern part (see Figure 1d ).
Relative to other lunar basins, Orientale has a well-preserved ejecta layer surrounding the rim (see Figure 1a ). The ejecta thickness distribution was indirectly estimated by measuring the size of the smallest craters that were not completely buried underneath Orientale ejecta for a given radial range [Moore et al., 1974; Fassett et al., 2011] . The smallest surviving crater provides information about the scale below which all preexisting craters were erased. Fassett et al. [2011] used a digital terrain model of Lunar Orbiter Laser Altimeter (LOLA) data for the Orientale region and estimated the ejecta thickness to a distance of one basin diameter from the basin rim. According to Fassett et al. [2011] the ejecta thickness is t = 2.9 ± 0.3 km at the main topographic rim of Orientale (CR) with the radius R CR = 465 km and decreases as a function of distance r with a power law t = 2.9(r/R CR )
Àb with an exponent b of 2.8 ± 0.5. The decay exponent b is consistent with the estimated value of 3.0 [McGetchin et al., 1973] and 2.6 [Petro and Pieters, 2006] based on scaling laws. Figure 2 displays the fitted ejecta thickness distribution as a function of radial distance. Here the distance (r) was normalized to the rim of Orientale (R CR ). The ejecta thickness as a function of radial distance is used as the primary constraint for our models to determine the transient crater size. The gravity-derived crustal structure based on GRAIL data is used to test whether models of subsequent modification of the transient crater result in gravity signatures and surface expression comparable to the present-day observations. We consider models as possible Orientale basin-forming scenarios if they satisfy the following criteria: (1) the modeled ejecta thickness distribution falls in between the lines fitted to the observational data in Figure 2 and (2) the modeled crustal structure resembles that derived from GRAIL gravity data.
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Methods
In this work, the multimaterial, multirheology 2-D iSALE shock physics code was used to simulate the formation of Orientale basin. iSALE is based on the SALE (Simplified Arbitrary Lagrangian Eulerian) hydrocode [Amsden et al., 1980] and has been used to simulate both small-scale laboratory experiments [Wünnemann et al., 2006] and large-scale lunar basin formation [e.g., Melosh et al., 2013; Potter et al., 2012a Potter et al., , 2012b Potter et al., , 2013 Miljkovic et al., 2013; Freed et al., 2014] . The model setup used here closely follows that of Potter et al. [2012a Potter et al. [ , 2013 . Therefore, only a brief model description is given here. The reader is referred to Potter et al. [2012a Potter et al. [ , 2013 for further information. The range of observed ejecta thickness from LOLA [Fassett et al., 2011] and the estimations of best fit models from Potter et al. [2013] ; TP = thermal profile. 
Journal of Geophysical Research: Planets

10.1002/2015JE004827
The Tillotson equation of state for gabbroic anorthosite [Ahrens and O'Keefe, 1977; Potter et al., 2012a] and the ANEOS equation of state for dunite [Benz et al., 1989] were used to represent the lunar crust and mantle in our models. The latter was also used to represent the projectile. Material strength, damage, and melt viscosity was accounted for using the models of Collins et al. [2004] , Ivanov et al. [2010] , and Potter et al. [2013] , respectively. Note that the melt viscosity model is a first-order approximation of the behavior of super solidus material. It is used to provide the material with some resistance to shear during crater collapse. Material ejection, during excavation, and its subsequent emplacement is, therefore, not affected by the use of the partial melt viscosity. This was demonstrated in additional test runs. Acoustic fluidization [Melosh, 1979; Melosh and Ivanov, 1999; Wünnemann and Ivanov, 2003 ], a temporary weakening mechanism used to facilitate collapse in large-scale impacts, was also implemented (see Table S1 in the supporting information and Potter et al. [2012a and Potter et al. [ , 2013 for further descriptions and parameter values). Due to the east-west crustal thickness dichotomy (which represents preimpact target heterogeneity, rather than an impact-related feature [Nahm et al., 2013] ) impacts into both 40 and 60 km thick crust were conducted. A similar approach was used to investigate the effect of varying thickness of a sediment layer on the formation of Chicxulub crater [Collins et al., 2008] . Although the variation of crustal thickness has little effect on the transient crater size for large-scale basin-forming impacts [Ivanov et al., 2010] , it cannot be ruled out that material differences between crust and mantle may affect the ejection process. As it is the goal of this study to use the distribution and volume of ejecta as a primary constraint for our models, we varied the thickness of the upper layer in our study to mimic the variations in crustal thickness across the structure.
Since the dependence of material strength on temperature and pressure has the most marked effect on the formation of large impact basins on the Moon [Ivanov et al., 2010; Potter et al., 2012a Potter et al., , 2015 Miljkovic et al., 2013] , two possible thermal gradients were used in our simulations (Figure 3 ). Thermal profile 1 (TP1, "hot") has a crust and upper mantle temperature gradient of 10 K km
À1
; the temperature follows the mantle solidus between depths of 150 and 350 km, which would cause partial melting of the upper mantle in this range; in the deep mantle (>350 km depth) the temperature reaches 1670 K and remains constant [Potter et al., 2013] . Thermal profile 2 (TP2, "cold") has a crustal gradient of 10 K km
; mantle temperatures that approach, but do not reach, the solidus between depths of 300 and 500 km and a deep (>1000 km) mantle temperature of 1770 K [Spohn et al., 2001] . These thermal profiles are comparable to those used in other lunar basin studies [e.g., Miljkovic et al., 2013 Miljkovic et al., , 2015 Potter et al., 2012a Potter et al., , 2013 .
In this work, 176 impact models were conducted. The impactor diameter was varied between 50 and 120 km and the impact velocity was varied between 10 and 20 km s À1 to cover a suitable range of asteroid impact velocities during the basin-forming epoch [Bottke et al., 2012] . The computational domain covers an area of 1200 km in the lateral and vertical direction with a cell size of 1 km × 1 km in the high-resolution zone (900 km × 700 km). Lunar surface gravitational acceleration was 1.62 m s À2 in all models. All simulations were stopped at 4.3 h (model time) after impact. Due to the axisymmetric nature of the 2-D code, all simulations considered vertical impacts. Though vertical impacts are highly unlikely, they should provide a reasonable proxy for the most common angle of impact (45°) on planetary surfaces.
Ejecta trajectories and locations were tracked using Lagrangian tracers in iSALE. These tracers were placed in each computational cell and represent the matter originally in that cell throughout the simulation. When a tracer moves above the preimpact target surface it is considered as ejecta and its launch angle and ejection velocity were recorded. Using these parameters, the parabolic trajectory of each tracer, including its velocity and final position were calculated [see Collins and Wünnemann, 2007a, 2007b; Johnson and Melosh, 2014] . The surrounding surface of the crater was subdivided into discrete rings. The ejecta thickness was calculated from the number of tracers that landed at a given distance from the point of impact. This approach is similar to that in Collins et al. [2008] and has been validated against laboratory impact experiments into sand [Wünnemann et al., 2014] . The entrainment of local material into the ejecta blanket upon landing is not taken into account. At larger distance, this process may be nonnegligible (see Hörz et al. [1983] , Zhu and Wünnemann [2013] , and discussion below). Note that we do not simulate the formation of the ejecta plume in our models; vaporized material (material with a density < 300 kg m
À3
) is removed from the computational mesh to expedite simulation time. This assumes that the expanding vapor plume and small ejected fragments do not have any effect on crater formation and that the drag of the vapor on the ejected particles is negligible (see Figure S1 in the supporting information for the comparison of the ejecta thickness with a cutoff density of 300 kg m À3 and 50 kg m
), which is a reasonable assumption for ejecta forming layers several kilometers thick. Artemieva et al. [2013] showed that only a relatively thin layer of fine-grained ejecta and dust particles interacting with the vapor plume are finally deposited on top of the ballistic ejecta. Figure 4 illustrates the basin-forming process for a preimpact crustal thickness of 40 km (left) and 60 km (right), respectively. In the first few minutes, the impactor penetrates into the target, displaces and excavates target material, and forms a transient crater,~460 km in diameter, that reaches a depth of~265 km; the floor of the transient crater is covered with a thin veneer of projectile and crustal material ( Figure 4a ). The crater begins to collapse with uplift of the crater floor while the diameter of the transient cavity continues to increase. The transient crater size is approximated when the expanding cavity reaches its maximum volume (in this case 5 min after impact), in line with previous numerical modeling [e.g., Elbeshausen et al., 2009] . As the floor of the crater rises it eventually forms a central uplift that is mostly composed of originally deep-seated mantle material. This uplift is accompanied by the collapse of the crater walls and inward slumping due to the influence of gravity (Figure 4b ). After 20 min the central uplift reaches its maximum height,~240 km ( Figure 4c ) and starts to collapse back into the target, forming a collar of mantle material flowing downward and outward and overlaying the inward dipping crustal layers ( Figure 4c ). After approximately 150 min central uplift collapse has ceased, filling the center of the basin with mantle material. Remnants of crustal material are mixed into the infill of the basin (Figure 4d ). After approximately 260 min, these remnants of crustal material reach the surface, forming a shallow layer (~2-3 km thick) together with the inward slumped crustal material outside a radial distance of~120-260 km from the basin center ( Figure 4e) . Overall, the effect of the difference in crustal thickness during the dynamic phase of basin formation is slight, with only minor differences in the final crustal structure.
Results
The Basin Formation Process
Best Fit Model for the Orientale Basin
As described above, ejecta thickness was calculated by the number of tracers accumulating in discrete rings of 20 km width beyond the crater rim of Orientale basin (CR, 465 km). The ejecta thickness distribution was determined up to a radial distance of 1400 km from the crater center. The discretely measured ejecta thickness t in the 20 km zoned intervals was then fitted by a power law t = T(r/R CR )
Àb
, where the distance r is normalized to the diameter of the CR with R CR = 465 km as in Fassett et al. [2011] . T is the ejecta thickness at the rim CR. Note that all modeled ejecta thicknesses in this work do not account for uplifting or down sinking of the ejecta layer as a consequence of inward slumping and rotation of large blocks forming ring structures [Melosh and Ivanov, 1999] and normal faults [Nahm et al., 2013; Kattoum and Andrews-Hanna, 2013] . Such processes may have affected the proximal ejecta thickness at the rim, but the change in height of the distal ejecta layer is negligible. Hence, we use the ejecta thickness distribution as the primary, and more indicative, constraint for our models. The measured ejecta thickness distribution of each model was first compared with the observed ejecta thickness range (see Figure 2 ) [Fassett et al., 2011] . For the models within the observed range of ejecta thickness, a secondary comparison was also made with inferred crustal structures from GRAIL gravity data ; however, agreement with ejecta thickness was deemed more critical than agreement with crustal structure.
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Potter et al. [2013] suggested, using a TP1 target thermal profile, a projectile of 50 km in diameter, and a velocity of 15 km s À1 to form a crustal annular bulge similar to observations. Reproducing this model, we can confirm the structural similarity, but the volume of ejecta is far smaller than the estimated ejecta distribution from observations. Figure 2 shows the modeled ejecta thickness distribution with a thickness of 500-600 m at CR, which is 5 times lower than the observed thickness of 2.9 ± 0.3 km [Fassett et al., 2011] . Simulations with larger projectiles (80 to 100 km in diameter) and a velocity of 10-14 km s À1 generate ejecta distributions similar to the observed thickness of the deposit, but these models show a larger annular bulge than the gravity-derived crustal structure . We therefore conclude that Orientale basin did not form in a relatively warm lithospheric environment. This is consistent with a 3.8 Ga formation age, a time when the lithosphere of the lunar farside may have already been significantly cool .
Models with an impactor size of 80-100 km in diameter and an impact velocity of 10-14 km s
À1
, assuming a colder and thus stronger target (TP2), generated ejecta thickness within the observational range. Crustal annulus radius is determined by the distance from the basin center to the location of the thickest crust as in Potter et al. [2012a] .
c
The radius measured at the preimpact surface when the cavity reaches the maximum volume [Elbeshausen et al., 2009; Potter et al., 2013] . The fitted parameters based on the size of modeled basin. Figure 2 . The ejecta thickness is 2.5 km at CR and the decay exponent in the power law function is À2.8. These parameters are similar to, though lower than, the observed values (i.e., 2.9 ± 0.3 km at CR). The best fit to the observational constraints (crustal structure and ejecta thickness) was a 100 km diameter projectile with a velocity of 12 km s À1 for both the 60 and 40 km thick preimpact crust. Figure 5 displays the ejecta thickness distribution as a function of radial distance for the best fit model (L = 100 km, v = 12 km s
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). The proximal ejecta thickness is 3.9 km and 3.3 km at the CR for the 60 km and 40 km thick preimpact crust, respectively. These thicknesses decrease proportionally to a power law with a decay exponent À3.2 (see also Table 1 ). Figure 6 shows a comparison of the crustal structure profile of the best fit model and the model derived from the GRAIL gravity data . A better fit to the observed annulus is achieved using the 60 km thick crust. Differences between our models and crustal structure model directly inferred from the gravity data mainly arise at the central mantle uplift region, where our modeled structure has a thinner crust and contains a mantle wedge above depressed crust in the crust annulus that is not present in the gravity-derived crustal structure. This difference may be explained by the nonunique nature of gravity inversions. In the following paragraph (section 4.3) we discuss a direct comparison between the observed Bouguer gravity anomaly and that calculated from the mass distribution from our models. Additionally, our model has a deeper final basin compared with the Figure 5 . Ejecta thickness distribution for the best fit model using TP2 (100 km diameter projectile with a velocity of 12 km/s) with a crustal thickness of 40 km and 60 km. The range of observed ejecta thickness is from Fassett et al. [2011] ; TP = thermal profile. Figure 6 . The crustal structure for the best fit model at TP2 (100 km diameter projectile with a velocity of 12 km/s) with a crustal thickness of 60 km (left) and 40 km (right). The observed topographic profile is from LOLA data and the observed profile of crustal structure is from GRAIL data ; TP = thermal profile.
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observation and lacks topographical expressions at the major ring features. This might be due to some additional processes (e.g., isostatic adjustments and differentiation of impact melt) that could not be included in our model (see section 5.2 for discussion). Our best fit model with a 100 km diameter projectile and a velocity of 12 km s À1 is very similar to the impactor parameter (100 km diameter projectile, impact velocity of 10.6 km s
À1
) suggested by Stewart [2011] who used a different hydrocode (CTH); however, the lower velocity in the model by Stewart [2011] generates a somewhat smaller amount of ejecta (4.5 × 10 6 km 3 , see Table 1 ).
Bouguer Gravity Signature
In order to test agreement between our models and the observations, we compare the GRAIL Bouguer gravity data directly with the gravity anomaly generated by the mass distribution in our model. We use the Bouguer anomaly data from GRAIL with a spherical harmonic expansion to degree and order 900 [Lemoine et al., 2014] , and topographic data from LOLA with a grid resolution of 8 pixels/degree . Figure 7a shows a map of the observed Bouguer gravity around Orientale basin. The location of the Orientale basin on the boundary between the western highland and eastern lowland explains asymmetries in the gravity data. To generate a representative gravity profile for comparison with our cylindrically geometric modeling approach, regional effects have to be removed. Presumably, the residual gravity field would be more symmetric; however, some bias is inevitably involved in such a processing step, independent of the applied method. Therefore, we calculated the average radial Bouguer gravity ( Figure 7b ) and do not distinguish between the west and east part. The magnitude of the Bouguer gravity anomaly ranges from 430 mGal at the basin center to À330 mGal at a radial distance of 290-300 km (associated with the annular bulge), and then increases to À150 mGal from 470 km (the rim of the structure) to 800 km.
The Bouguer gravity for the best fit models was calculated at the preimpact surface using the method described by Collins [2014] . We assume a density of 2500 kg m À3 and 3200 kg m À3 for the crust and mantle, approximating to the average values of GRAIL observation . For the best fit model of 60 km thick preimpact crust, the calculated Bouguer gravity decreases from 240 mGal at the basin center to À330 mGal at a radial distance of 305 km, and then increases to À170 mGal at 800 km. For the best fit model of 40 km thick preimpact crust, the Bouguer gravity decreases from 330 mGal at the basin center to À345 mGal at a radial distance of 315 km, then increases to À190 mGal at 800 km. The Bouguer gravity profile of our best fit models and the GRAIL data are generally consistent within one standard deviation (1σ) beyond the IR, including the region with the lowest gravity signal at~300 km that corresponds to the crustal annular bulge. The presence of a mantle wedge in our numerical model does not agree as well with the gravity data as the crustal structure that was directly inferred from the gravity data, but we consider it as a possible alternative structural model; additional work is required to investigate the existence of a mantle wedge. Within a radial distance of 120 km from the basin center, our basin's gravity signature deviates significantly from the observed signature, with a maximum excursion of~100 mGal and~200 mGal for 40 and 60 km ) comparison with best fit models. The observational Bouguer gravity is from a spherical harmonic expansion of the GRAIL-derived gravity field to degree and order 900 [Lemoine et al., 2014] and LOLA-derived topography .
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thick model, respectively. The lower gravity signature in our model is caused by the density reduction due to partial melting in the inner basin (see section 5.7) and by the greater depth of the final crater. The latter requires more infill of crustal material for the Bouguer correction, resulting in a smaller Bouguer gravity signature. The relatively poor fit in this region could be compensated by additional processes such as long-term postimpact isostatic equilibration and/or differentiation of melt sheet that were not taken into account in our model (see section 5.2 for discussion).
Discussion
Size of Annual Bulge
The annular bulge, defined as the radial distance from the basin center to the local deepest crustal point, is thought to result from the collapse of the transient crater and inward slumping of crustal material [Potter et al., 2012a] . The crustal annulus has been used as a structural feature for estimating the size of the transient crater for lunar impact basins [Potter et al., 2012a [Potter et al., , 2013 . In the structural model based on high-resolution GRAIL data, the radial distance of the annular bulge is 270 km from the basin center in the west and 290 km in the east (Figure 1d ). Our best fit models for a 60 km and 40 km thick preimpact crust show the same trend with an annular bulge radial distance of 272 km and 288 km, respectively ( Figure 6 ). This result matches with observations and demonstrates the relationship between the preimpact crustal thickness and the bulging of the crust. The difference in radial distance of the crustal annulus between the western and eastern part of the basin is seen in all models and varies between 10-18 km (see Table 1 ), which is consistent with the observed difference of~20 km (Figure 1d ). Our models confirm that the bulging results from inward and downward movement of crustal material during the collapse of the transient crater [Potter et al., 2012a] as highlighted in Figure 4 . This process is more pronounced in the thicker crust, where the bulge is closer to the basin center (i.e., greater inward material movement).
Crustal Structure Model
As pointed out above, the crustal structure in our models deviate in some parts significantly from that inferred from the gravity data by Wieczorek et al. [2013] . The most obvious difference is the mantle wedge at a radial distance between 200 km and 300 km in our model ( Figure 6 ). We demonstrate that this alternative structure model is roughly consistent (within one standard deviation, 1σ) with the gravity data ( Figure 7b ). The structure of the mantle uplift and the inward and downward displacement of the crust is controlled by the rheology of material under the impact conditions (e.g., temperature and pressure) and acoustic fluidization. A mantle wedge did, however, occur in all models where the ejecta thickness was consistent with observations. The material behavior is one of the least understood processes in the formation of crater structures. Further studies may be necessary to investigate whether such a wedge feature is a natural consequence of crater collapse for a given transient crater size or whether another rheological behavior enables the formation of a structural uplift more in line with the observed gravity data. It should also be noted that our model does not account for density changes due to strong deformation and fracturing of mantle and crustal material. Such processes would affect the gravity signature that may lead to a better match of our "wedge model" and the observed gravity data.
More difficult to explain is the far lower gravity high in the center (the deeper final crater), and the thinner crust in our model compared with observations. Our model represents the state immediately after the main dynamic motions have ceased. Postimpact processes such as long-term isostatic adjustments and/or the differentiation of impact melt would affect the basin's gravity signature and crater morphometry. These processes could not, however, be considered using iSALE. Freed et al. [2014] showed that during the isostatic adjustment, the central basin zone experiences uplift, whereas the region of the thickened crustal collar undergoes subsidence due to strong isostatic forces beneath the surrounding crustal collar. It can be speculated that such long-term modification of our models may result in an increase of gravity due to the uplift of the central crater floor and a small decrease in gravity with a slight subsidence of the crustal collar. The isostatic adjustment appears to explain the deviation of crater depth and gravity between our model and observations. The gravity signature in our models, in the long term, may even exceed that observed due to the far thinner, lower density crust (~3 km, compared to the observed 12 km). Note that reducing the crater depth requires less addition of crustal material for the Bouguer correction, which causes an additional increase of the Bouguer gravity in our model. This effect may be compensated by reduced density due to partial or total melting of uplifted mantle material
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(see section 5.7 and Figure 11 ) and the differentiation of a melt pool as it cools [Vaughan et al., 2013] . Further studies quantifying the isostatic equilibration are required to test our estimates.
Size of Transient Crater
Transient crater size can be used to estimate impact energy and is proportional to the amount of impact melt production and the ejecta volume. However, the reconstruction of the transient crater is nontrivial in the field for both small-and large-scale impacts. The transient crater size of the Orientale basin has been estimated from a diameter of 620 km, close to ORR [e.g., Head, 1974; Head et al., 1993; Fassett et al., 2011] , to~100 km [e.g., van Dorn, 1968] . This wide range of transient crater sizes produces large variations in Orientale impact energy estimates. Following Elbeshausen et al. [2009] , who approximate the transient crater as the impact-induced cavity at its maximum volume, we obtained a transient crater diameter measured at the preimpact surface of 460 km (Figure 8 ), which is inside the IRR (D = 480 km). This value is greater than the 397 km diameter suggested from pre-GRAIL gravity modeling of the crustal structure [Wieczorek and Phillips, 1999] but is consistent with the estimate of Spudis [1993] based on the recognition of pre-Orientale impact features inside the basin. Spudis [1993] suggests that the transient crater diameter could not be larger than the ORR, and is most likely no larger than IRR, based on pre-Orientale impact features.
According to Spudis [1993] , the transient crater size corresponds to the diameter of the "excavation cavity"-the zone from which material is ejected out of the basin. The excavation zones for both 40 and 60 km thick crust models are shown in Figure 8 . We define the radius of excavation cavity as the radial distance at which the ejecta launch velocity is approximately zero. According to Figure 8 , the diameter of excavation cavity is~400 km for both 40 and 60 km thick crust model. This agrees well with the 397 km estimated by Wieczorek and Phillips [1999] but is smaller than the 460 km estimated by the maximum-crater-volume approach.
It is usually assumed that the transient crater diameter calculated by the maximum crater volume and excavation cavity approach to be equivalent for simple craters. However, for large impact basins, the crater floor will begin to rise (collapse) while the crater continues to widen and excavate material. Therefore, the often-used maximum-crater-volume approach may produce a larger estimate of transient crater size for large-scale impact basin. Each approach does, however, demonstrate that preimpact crustal thickness (in the range of 40-60 km) has little effect on the size of the transient crater for large-scale impact basin formation [Ivanov et al., 2010] .
Excavation Depth
The excavation depth is defined as the maximum depth of excavation zone from which material is ejected out of the crater and deposited onto the target surface (see Figure 8 ). In our best fit model, the excavation depth is approximately 54 km, independent of the preimpact crustal thickness (40 or 60 km). This depth is consistent with previous estimates using a variety of techniques [Wieczorek and Phillips, 1999; Fassett et al., 2011; Journal of Geophysical Research: Planets 10.1002/2015JE004827 Potter et al., 2013] . Using a 40 km thick crust (representing the eastern side of the basin),~10 km of mantle material was, therefore, excavated and deposited on the surface. Ejecta from depths between 40 km to 50 km have a relatively low ejection velocity and angle and were deposited at a distance < 500 km from the point of impact. Figure 9 (top) illustrates the locations where ejected material was deposited on the surface. All ejected mantle material (closed orange symbols) is deposited inside the radius of the basin (465 km) in our model.
Under the influence of gravity most ejected materials near the transient crater rim will flow back into the basin during modification (see Figures 4b-4c ). As we calculate the ejecta trajectories separately from the basin formation process, it is not straightforward to estimate the final location of ejecta in our models. In order to obtain the final location of the ejecta during basin modification, first we determined the distance where each ejected tracer lands. Then we assumed that each tracer is transported in a manner similar to the material at the landing site during crater collapse. Figure 9 (bottom) shows the final deposition locations of tracers 2.5 h after impact. Almost all of the tracers representing ejected mantle material (closed symbols, orange) were transported back into the basin interior. Therefore, no mantle material can be detected at the surface outside the basin. The models suggest that mantle material should be exposed on the inner basin floor. This is not observed and may be because of coverage by later mare basalt flows Zhu et al., 2015] . Such a scenario agrees with the spectroscopic observation that no mantle-like signatures have been found in or around the Orientale basin [Yamamoto et al., 2010] . Such an effect might also limit exposure of mantle material in even larger impact basins, such as South Pole-Aitken basin.
Ejecta Thickness
The estimated ejecta thickness distribution derived from the topographic data [Fassett et al., 2011] represents the average distribution surrounding the Orientale basin. This does not specifically discriminate between the east and west parts of the basin. As our models show (Figure 5 ), the ejecta distribution in the best fit models for the two preimpact crustal thicknesses varies with a slightly thicker ejecta blanket at the crater rim of 3.9 km for a 60 km thick crust (east side of the Orientale basin) and 3.3 km for 40 km thick crust (west side of the Orientale basin), respectively (see also Table 1 ). We consider the results of the models to be in good agreement with the observed thickness of the ejecta layer of 2.9 km close to the basin rim derived from topographic data [Fassett et al., 2011] . It should be noted that the ejecta thickness calculation using the above tracer method contains some uncertainties close to the crater rim where the ballistic approximation may not entirely hold true. On the other hand, subsequent modification of the ejecta deposit by postimpact geological activity and impact gardening may have eroded the original thickness of the ejecta blanket [Head et al., 2010 ].
Figure 5 also shows some scatter in the ejecta thickness results, suggesting an error related to the methodological approach on the order of the deviation between the best fit models for the two different crustal thicknesses. However, a trend can be clearly noted up to a distance of~1300 km from the basin center, where the ejecta blanket tends to be thicker in the model with a crustal thickness of 60 km (~15%-30%), whereas the difference between 600 and 900 km from the basin center is insignificant. For the distal ejecta (>1300 km) the trend appears to reverse and the ejecta blanket in the model with a crustal thickness of 40 km becomes thicker. We did not record the ejecta distribution for distances beyond 1400 km from the basin center due to insufficient resolution (ejecta were only represented by a few tracers). We can only 
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speculate about the whereabouts of ejecta that were transported to larger distances. It is conceivable that due to different properties (coefficient of friction, cohesion), basement mantle material tends to be ejected at higher velocity landing further away than crustal material originally located at the same distance and depth from the point of impact. A more detailed systematic study of the dependency of ejection velocity and angle on target properties is required [see Collins and Wünnemann, 2007a, 2007b] . The uncertainties of the ejecta thickness are mainly due to the resolution used (1 km × 1 km), especially for the distance beyond 1100 km, where the calculated ejecta thickness is based on only a few tracers. Models with higher resolution and greater functionality in future studies could reduce these uncertainties, though are more computationally expensive.
In the calculation of ejecta thickness distribution, we did not consider the effect of ejecta movement (i.e., sliding) once it lands on the surface, which plays an important role for the stratigraphy of large basins on the Moon [Oberbeck, 1975; Johnson et al., 2015] . In order to investigate this effect, we used the same method as that to calculate the movement of ejected mantle material in Figure 9 . We assumed that ejecta, once landed, is transported in a manner similar to other material at its landing site and tracked its movement to obtain its postsliding location. Because the high-resolution zone in our models is 900 km in the horizontal direction, we only track the material's movement out to a radial distance of 900 km from the impact site (approximately twice the radius of the CR). Ejecta thickness was calculated 260 min after impact when material motion had ceased. Figure 10 illustrates the ejecta thickness distribution before and after the consideration of ejecta sliding for the best fit model with 40 km thick crust. Ejecta sliding affects material from the basin rim outward to a distance of~1.2R (~560 km) from the basin rim. When accounting for ejecta sliding, the thickness is~85-95% of that not considering sliding. The ejecta thickness at the rim decreases from 3.3 km to~3.0 km. The largest discrepancy between the sliding models is~0.45 km (~14% of the ejecta thickness) near the rim. All these materials slide into the basin with a notable increase of the ejecta thickness inside the basin rim. Beyond~1.2R the difference between the sliding models is negligible. Although the effect of ejecta sliding at Orientale is unknown from current observations, the ejecta near the basin rim (~1R-1.5R) immediately after formation is expected to be thicker than the observed value from current observations [Fassett et al., 2011] . The expectation of thicker ejecta at the basin rim is in agreement with our modeling result, which is~3.3 km and 3.9 km for 40 km and 60 km thick crust, respectively,~15-35% thicker than the value of 2.9 ± 0.3 km at the rim from current observation [Fassett et al., 2011] . At larger distances, the ejecta blanket may contain a large amount of material that was entrained upon landing (secondary mass wasting [see Hörz et al., 1983] ). We do not consider this process in our model; however, this may have a nonnegligible effect on the thickness of the distal ejecta layer [Zhu and Wünnemann, 2013] .
Ejection Volume
The total ejecta volume of Orientale basin is proportional to the size of the transient crater. 
Melt Production
To estimate the volume of material that undergoes melting as a consequence of shock compression and subsequent unloading, we used tracers to record the peak shock pressures the material experienced, in the same manner as Potter et al. [2013] . These peak shock pressures were then transferred to postshock temperatures and compared against the instantaneous melt temperature of the material. If the tracer temperature was in excess of the material's instantaneous liquidus temperature, the material was considered to be molten [Ivanov et al., 2010; Potter et al., 2012b Potter et al., , 2013 . This assumption represents a lower estimate of the generation of impact melt as melting occurs already at temperatures above the solidus (see discussion below). Figure 11 displays the distribution of molten material of the best fit model. The melt pool extends to a depth of~300 km and radial distance of~300 km for both best fit models with mantle material dominating the melt inside the basin. Small volumes of crustal material are present at the basin surface and entrained within the melt. Melt volumes are estimated to be~2.1 × 10 6 km 3 and~2.6 × 10 6 km 3 for the best fit model with 40 and 60 km thick crust, respectively. These volumes are very similar to the value of 2.4 × 10 6 km 3 from Potter et al. [2013] and comparable with the value of 10 6 km 3 from Vaughan et al.
[2013], who assumed a 175 km radius central topographic depression within Orientale representing the solidified impact melt pool. 
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Material with temperatures between the solidus and liquidus was defined as partially molten, with the fraction of melt varying linearly from zero at the solidus to one at the liquidus [Potter et al., 2013] . In our best fit model, the vast majority of molten material is partially melted (melt fraction < 0.25); less than 1% of the total melt volume had a melt fraction above 0.25. Most crustal material with melt fraction < 0.25 was found at the top of the melt pool, mixed with unmolten crustal material (Figure 11 ). These partially melted crustal materials were at depths of 10-30 km and beyond a radial distance of 60-100 km for both 40 km and 60 km thick crust best fit models, near the IR (160 km) and IRR (240 km); most materials at the IR are partially molten crust. These volumes of melt should undergo differentiation, producing a composition enriched in plagioclase [Vaughan et al., 2013; Hurwitz and Kring, 2014] . The thermal contraction and subsidence of impact melt sheet and substrate at this area could form the IR [Bratt et al., 1985; Vaughan et al., 2013] . For the IRR, most material is from the inward sliding of crust during the formation of the basin. Therefore, the IRR has a crustal origin, in agreement with the pure crystalline plagioclase anorthosite as seen in the observation of IRR [Hawke et al., 2003; Ohtake et al., 2009; Cheek et al., 2013] . However, in our model the material at the IRR experienced peak shock pressures larger than 10 GPa, which would result in the loss of pure crystalline plagioclase signatures [Stöffler, 1971; Cheek et al., 2013] . The crystalline plagioclase may have experienced low-peak shock pressures due to unique features of the Orientale impact that were not considered in this work. Further studies taking into account more realistic targets may provide insight into this observation.
Limitation of Current Approach
The highly axisymmetric ringed structures of the Orientale basin (see Figure 1a ) and small variation of the ejecta thickness in the near field (~1R-2R) of the basin support the 2-D cylindrically symmetric modeling approach which allows modeling of vertical impacts only. However, it has been argued that Orientale formed by an oblique impact on the basis of the asymmetric morphological and morphometric characteristics of the far-field ejecta [Wilhelms, 1987] . Therefore, a three-dimensional modeling approach using the 3-D iSALE code [Elbeshausen et al., 2009] would be the logical approach for future studies. Currently, however, iSALE 2-D offers greater functionality than its 3-D counterpart, thus offering important, thorough, and detailed insights into basin formation and ejecta distribution. In addition, the effect of ballistic erosion and sedimentation [Oberbeck, 1975] during large basin formation should be considered in further studies. Finally, with greater information on lunar crustal structure (e.g., porosity) now available , and material modeling advancements (e.g., dilatancy [Collins, 2014] ), large basin formation processes, particularly those associated with ejecta, will now be able to be studied in a greater level of detail.
Conclusions
In this work, we used numerical modeling to reinvestigate the formation and structure of Orientale basin on the Moon based on previous work by Potter et al. [2013] . The study focused on modeling the ejecta distribution using the observed thickness of the ejecta blanket from LOLA data. As an additional constraint, we compared the subsurface structural deformation and uplift of mantle material with both the crustal structure models derived from GRAIL gravity data and the observed Bouguer gravity anomaly. The model that best matched the ejecta thickness distribution, and gave a reasonably good match to Bouguer gravity anomaly outside the central uplift, was a projectile with a 100 km diameter, impacting at a velocity of 12 km s À1 into a relatively cold Moon (10 K km À1 crustal gradient, subsolidus temperatures throughout the mantle). This implies that the Moon was cold at the time of the Orientale formation.
The transient crater of Orientale basin is estimated to be~400 km or 460 km in diameter using the diameter of the excavation zone or the diameter of the growing cavity at the time of maximum crater volume, respectively. The excavation depth, the maximum depth from which material is ejected out of the crater, is approximately 54 km, independent of the preimpact crustal thicknesses of 40 and 60 km. The excavated (ejecta) volume is 4.70 × 10 6 km 3 , in good agreement with observational estimates. There is no mantle material excavated and deposited outside the rim (CR), agreeing with spectroscopic observations. The ejecta thickness varies between 3.3 km and 3.9 km at the rim between the eastern and western part of the Orientale basin (depending on the preimpact crustal thickness) and a greater amount of material is ejected further in the thinner crustal thickness model. The best fit model did not, however, give a satisfactory match to the topography, crustal structure, and Bouguer gravity anomaly over the central uplift. This is likely due to the Journal of Geophysical Research: Planets 10.1002/2015JE004827 models being unable to consider long-term processes such as isostatic adjustment and melt differentiation, contraction, and relaxation that will influence the basin after the initial dynamic phase that was considered here. Further studies including these postimpact processes are required to test whether the proposed scenario agrees with all observations.
